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Abstract 
The goal of this bachelor’s thesis is to choose suitable material and its surface finish for bolt 
fastening with fine thread on specimen holder in electron microscope. The first part is 
overview of applicable materials and metal finishes that are non-magnetic, so they do not 
affect electron beam in microscope. Further the thesis deals with creating the test tool for 
life time testing of various spindle specimens. 
The final result of the thesis represents comparing tested materials and choosing the most 
suitable for real application.  
 
Abstrakt 
Cílem této bakalářské práce je vybrat vhodný materiál a jeho povrchovou úpravu pro 
šroubový spoj s jemným závitem na držáku vzorku v elektronovém mikroskopu. První částí 
je přehled použitelných materiálů a povrchových úprav, které jsou nemagnetické, tudíž 
neovlivňují elektronový paprsek v mikroskopu. Dále se práce zabývá tvorbou testovacího 
zařízení na testování životnosti jednotlivých vzorků závitových tyčí. 
Výsledkem práce je porovnání testovaných materiálů a výběr jednoho nejvhodnějšího pro 
reálné použití. 
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1. Introduction 
An electron microscope is complicated machine, consisting of thousands of parts, 
kilometres of wires, as can be seen in Picture 1, and they all have to work together at the 
same time. Microscopes should last in operation fully functional for up to 10 years. That 
proves the quality and precision of how are they crafted. But even if we consider any kind 
of perfectly developed, engineered and manufactured machine, there is always something 
not working as expected. The difficulty we did not know about at the beginning causes 
more engineering work needed to be done to solve the problem. Electron microscopes are 
not the exception of this rule. 
This thesis was assigned with collaboration of the FEI Company. There appeared 
an issue with specimen holder made by FEI, causing that its thread tends to get seized. 
Another material of which is it made could solve the problem and that is the reason why 
this thesis was written, to find that material. 
It is possible this issue could appear at few other parts and mechanisms in the 
microscope, so this thesis could help to solve them all. Also the results could be considered 
during future development of similar or other systems that meet the same special 
requirements, like this specimen holder does. 
 
Picture 1 – Electron microscope without covers 
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2. Goals definition 
What is needed to be done? This bachelor’s thesis deals with solving the issue of 
specimen holder. The goal is to find another material and surface finishing of holder thread 
to prevent dysfunction after some time of using. 
At first, basic principles of microscope, stage and specimen holder will be 
explained, to help reader fully understand how it all works and why this trouble appeared. 
In recherché part, there is an overview of possible materials and their treatments to make 
sure most options were considered. After choosing several suitable combinations of 
materials and surface finishes, a lifetime testing of manufactured spindle samples has to be 
executed by newly designed and created test tool. Technology of the test tool will be 
explained followed by technical documentation attached in the appendix. 
The final task is comparison of these material-surface combinations, according to 
test results. There are results of measurements during testing and also visual results after 
observing samples in the microscope. The most suitable solution should be chosen for real 
application. 
  
16 
 
  
17 
 
3. Basic principles 
3.1. Electron microscope 
To understand how the electron microscope works, let us compare it to classic 
optical microscope, that has been known since elementary school. While optical 
microscope uses visible light focused by transparent glass lenses and it is able to see one 
micrometre sized objects, the electron microscope uses beam of electrons instead, focused 
by electromagnetic or electrostatic lenses and it is able to see one tenth of a nanometre sized 
objects. In such magnification we can see individual atoms. There are two basic types – 
scanning electron microscope (SEM) and transmission electron microscope (TEM). In 
TEM, electrons are passing through thin specimen while scattered by interactions with 
atoms. That creates the image, projected on fluorescent screen under the specimen. [1] [2] 
Holder, this thesis is dealing with, is mounted only in SEM, so this type will be 
described in detail. 
 
 
In SEM, electron beam is produced by electron gun at the top and then is focused 
on a specimen that does not have to be thin, because electrons do not pass through, but they 
are reflected (backscattered) to detector above the specimen. Data from the detector is 
stored to computer memory and then the image is created by specialized software. On entire 
electron path, so in all internal spaces of the microscope, there must be vacuum (also in 
TEM), to prevent collisions of electrons with air molecules. So samples have to be vacuum 
compatible, besides another requirements like they need to be clean, dry and preferred is 
electrical conductivity. [1] 
 
Picture 2 – SEM [2] 
 
 
Picture 3 – SEM scheme [1] 
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To observe different spots on the specimen, it must be moved to the correct 
positions. Movement is done by motorized stage on which the specimen is mounted. 
3.2. Stage 
The stage, also called goniometer, is a motorized mechanism that moves the 
specimen in electron microscope to various directions. X, Y direction (horizontally), 
Z direction (upright), then rotation and tilt. It is controlled by the computer with joystick or 
mouse. Important is to orient the specimen to suitable angle and move it to suitable position 
from the lens and the detector to make a quality image. There are several different sizes of 
stages for different sizes of specimen. There are also specialized stages with additional 
possibilities like cooling, heating or straining the specimen. [1]  
 
 
Picture 4 - Stage 
 
Picture 5 – Stage with holder 
 Specimens are not placed on stage directly but mounted via holder (see Picture 5). 
And now we are getting closer to understanding the issue, because this is the holder 
mentioned before, causing troubles, that should be solved. 
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3.3. Specimen holder 
As specimens can have different sizes and shapes the holder enables mounting them 
on stage in variable height, to maintain suitable distance from the detector and the lens as 
stated before. So the holder is also very close to the lens and near the axis of electron beam 
in the middle of vacuum chamber. That is the reason why it has to meet similar 
requirements like specimen does. It must be electrically conductive, otherwise it would get 
negatively charged by electrons and start to repel them away from the sample. It must be 
made of non-magnetic materials so it does not affect the electron beam. It has to be perfectly 
clean, otherwise it would contaminate internal spaces of microscope, or it could corrupt the 
vacuum. So any kind of fluid lubricant is prohibited.  
    
Picture 6 – Holder assembly 
Now let us take a closer look at the issue. 
Holder is manipulated and mounted to its position 
only by hands, so large force or moment load could 
be applied on thread if not handled carefully. There 
is no oil or grease, surface finishing only, so 
tightening does not go very smoothly. After some 
time of using, thread of holder tends to get seized. 
To prevent that, a new material and its surface 
finishing needs to be found. Currently it is made of 
aluminium alloy AlZnMgCu1.5 with TiO2 
finishing, eventually same material with Dicronite 
finishing (has slightly better performance but still 
failing). 
  
Picture 7 – Place of thread seizing 
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4. Recherché 
Before solving any kind of technical problem or before constructing mechanical 
parts and assemblies, a theoretical research should be done first. Simply to make sure that 
there was no other better solution at the time, that there was no other better way to construct 
that machine and so on. 
  As stated several times before, purpose of this thesis is to choose right material for 
spindle of specimen holder. When constructing mechanical assembly that will be actually 
working well, right material selection for those parts is state of an art. There are a great 
many alloys, even greater number of combinations of this alloys when working together 
and still too many of them are actually manufactured and are in use. Yes we have tables of 
recommended materials with all declared properties, but when it comes to reality, 
something is just not working as expected. Sometimes it just appears to us that according 
to its properties material should work, but it is not. Those are reasons for choosing 
according to experiences. If it was working that time, it will work again. Experienced 
engineer can advise time-proven materials and solutions. So in case of specimen holder, 
FEI technologist was asked for help. He well knows what materials and metal finishes are 
currently used in company and are easily available on market from suppliers - to keep the 
price low, also knows which of them are suitable for usage in chamber of electron 
microscope, and mainly he has got knowledge to tell which of them could actually work in 
this case. 
4.1. Base materials 
Base material properties are also very important and have a great influence on how 
efficient will the surface finish be. [3] It is difficult to tell which alloy is the most suitable 
according to properties only that is why several have to be tested. 
 Al-Cu-Mg alloy – It is one of the oldest of aluminium alloys, but still has an 
application. Content of copper is maintained from 4 to 4.8 % if precipitation 
hardening is required. If content of copper is reduced to the half of this value, then 
final hardness is lower but on the other hand has good malleability. Magnesium is 
necessary, it improves precipitation hardening ability. Silicon is also present, it 
improves process of aging. Alloy has lower corrosion resistance. It can be replaced 
with Al-Mg-Si alloy, which has lower strength but higher corrosion resistance. [4] 
 Al-Mg-Si alloy – This complex alloy contains besides magnesium and silicium also 
little amount of manganese, iron or also copper. Amount of magnesium varies from 
0.4 % to 1.2 %. Little content of manganese, up to 0.3 % increases strength and 
notch toughness. Precipitation hardening is possible. Alloy is used for medium 
strained construction, aircraft engineering, also in food industry because of good 
chemical and corrosion resistance. But does not have good casting properties. [4] 
 Al-Zn-Mg alloy – Decreased corrosion resistance is typical for alloys of aluminium 
and zinc. Additives are mostly copper, silicon and magnesium. It is not precipitation 
hardened, hardness is achieved just by presence of zinc. Alloy has good mechanical 
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and very good casting properties. Strength can be increased even more by adding 
iron. [4] [5] 
 Cu-Al alloy – Aluminium bronze, mostly combined with iron and nickel is material 
of best mechanical properties compared to other copper alloys. It has good corrosion 
resistance and low friction while high strength what makes it suitable material for 
plain bearings and other parts, where friction is applied. Iron increases strength, 
then corrosion and abrasion resistance. Important is also low permeability, what 
makes it almost perfectly non-magnetic material. [4] [5] 
4.2. Surface finishes 
Thread that is only made of aluminium or copper alloy would not be very durable 
without usage of oil or grease. But such lubricants are not an option in case of thread of the 
specimen holder as explained in previous chapter. Therefore its surface finish is supposed 
to work as a lubricant. 
Interesting is, that in engineering large branch of metal surface development is 
focused to decrease the friction and wearing, not only to protect from corrosion. For 
surfaces that are intended to reduce wear, the main feature is high hardness but also low 
toughness and mainly consists of carbides and nitrides of metals, or ceramics and also other 
compounds. [6] 
 Titanium oxidation (TiO2) - Oxides mostly have significantly different mechani-
cal properties compared to metals and they are typically fragile. Even if thin oxide 
film is applied to surface of metal, it considerably changes its physical properties, 
mostly optical, electrical and magnetical. Titanium oxidation can also change 
technological properties, like decrease friction and increase resitance to seizing. 
Surface remains conductive. It is applicable to aluminium alloys and also to 
aluminium bronze and cohesion with base material is good, but only if thin layer of 
TiO2 treatment is applied. Hardness is 1600 HV. [6] 
This surface treatment is currently used on holder and does not have good 
results when considering service-life of thread. To be able to compare this one with 
other treatments, that could be used, it will also be stated in overview and tested 
later. 
 
 Chemical nickel – When considering chemical method of surface finishing, 
chemical nickel is essential, due to many applications and highly developed 
technology. Coating baths could be low acidic or low alcalic. Alcaline bath 
produces glossy surface that contains lower amount of phosphorus and speed of 
finishing is lower – it is used for coating aluminium. Finished surface is not pure 
nickel, it is complicated compound, consisting mostly of nickel and phosphorus. 
Other elements are unfavourable. Surface has perfect adhesion to base material and 
has good resistance to corrosion. Hardness could be increased up to 1200 HV after 
heat treatment. It is applicable on most alloys which do not contain zinc, cadmium, 
lead or tin. [3] [7] 
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 Dicronite – Dicronite is dry lubrication film with ultra-low coefficient of friction 
µ=0.03 and thickness of only 0.5 µm. It is inert and non-toxic, compatibile with all 
metals. Does not induce corrosion and has corrosion resistance. Appreciated feature 
is also very low outgassing so it does not corrupt vacuum. From physical properties 
should be mentioned it is non-magnetic and does not affect surface electrical 
properties – remains conductive and has hardness of 1.0 – 1.5 Mohs scale. [8] 
Closest Dicronite facilities are located in Germany, The Netherlands or Italy, but 
FEI is already customer, so there would be no problem with availability. 
4.3. Overview conclusion 
To reduce number of samples from all possible combinations of materials and 
treatments, there was a decision to make 10 samples. As mentioned at the beginning of this 
chapter choosing was done with advisory opinion of FEI technologist. In Table 1 you can 
see all final combinations. Every one has its own abbreviation (defined in Table 1), that 
will be used further in thesis. For example “3N“ – number “3“ stands for material order in 
table, “N“ stands for nickel treatment. 
 
 Titanium oxidation 
(TiO2) 
Dicronite (WS2) Chemical nickel 
medium phosphorus 
AlCuMg1 1T 1D 1N 
AlMgSi1 2T 2D 2N 
AlZn5.5MgCu1 3T 3D 3N 
CuAl10FeMn1.5 - - 4N 
Table 1 – sample materials 
 
Picture 8 – different surfaces on samples 
All three treatments are shown in Picture 8. To recognize different base materials 
under the same treatment every sample (bolt and also nut) is marked with little hand made 
notches. If you take a closer look you can actually notice them in Picture 8 (two notches 
mean it is material number 2 - AlMgSi1). 
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5. Test tool 
This chapter describes the tool created for testing samples. Basic principle is that 
sample spindle is rotated by motor while sample nut is supported the way it cannot rotate. 
It can slide along the spindle only. Motors are controlled by Arduino platform, which also 
measures motor current and controls position of the nut. Whole motion is simple - spindle 
is rotated one way, then another way, to move the nut forward and backward to wear the 
thread. 
5.1. Mechanics 
The aim was to make test tool as simple as possible using minimum number of parts. 
To make testing faster, two samples can be tested at the same time. Exploded view of 
assembly is shown in Picture 9 below. 
 
Picture 9 – Test tool exploded view 
1. Base 8. Encoder code wheel 
2. Spring 9. Coupler 
3. Spring holder 10. Motor holder 
4. Nut holder 11. Motor 
5. Sample nut 12. Sensor holder 
6. Sample spindle 13. Encoder 
7. Fixing nut  
Base and nut holder both make a linear motion guide for sample nut. To reduce 
friction a thin layer of Molykote grease is applied on friction surfaces of the guide. There 
is a spring to load the sample and to simulate real tightening by human hand. Sample nut 
is mounted directly to nut holder. On the other side sample spindle together with encoder 
code wheel is tightened by fixing nut to coupler, which is mounted to motor shaft. Motor 
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holder made of sheet metal connects motor cast to the base. Encoder senses angular position 
of spindle so position of sample nut can be controlled. 
 
Picture 10 – Test tool (opened) 
As drive is used Maxon direct current motor, type RE 25 with power of 20 Watt and 
nominal speed of 8330 revolutions per minute. Particular motor (part number 144488) used 
in test tool has a planetary gearhead with reduction ratio of 27:1. 
 Spring has spring constant of 0.644 Newton per millimetre. This value was 
estimated due to requirements of testing. If it was too low, testing would take a lot of time, 
if it was too high, the sample thread would seize immediately after start. Dimensions of the 
spring are 1.00x13.5x45x20. 
  Encoder type is HEDS-9100. It is rotary transmissive optical encoder module, 
which detects angular position of shaft. It produces digital signal according to movement 
of shaft. Signal is then analysed by microprocessor. Main parameter is number of cycles 
per one revolution. It depends on number of strips on transparent code wheel, which is fixed 
to the shaft. Code wheel used in test tool has 500 cycles per one revolution. [9] 
5.2. Electronics 
Test tool is controlled by Arduino board. Arduino is a prototyping platform based 
on flexible board and simple software. It is programmed using its own Arduino language, 
which is similar to other programming 
languages and easy to learn. The board can 
receive inputs like buttons or sensors and can 
control outputs like lights, motors or other 
devices.  Board can operate independently but 
also can communicate with other devices like 
computer. There are several types of Arduino 
boards with different properties and purposes. 
Some of these types can be also combined with 
additional boards called shields with special 
functions such as Wi-Fi, Ethernet and GSM 
communication, control of motors and others. 
Test tool uses Arduino Mega ADK board Picture 11 – Arduino platform 
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combined with Arduino Motor Shield. Motors and encoders are connected to these boards. 
[10] 
The Arduino Mega ADK has 50 digital pins, each of them can be used as input or 
output. Advantage is no need for external hardware programmer, programming is done with 
Arduino software via USB connection. Power for board can be supplied by external power 
source or USB connection. One of these sources is selected automatically. Maximum 
current per one pin is 40 mA, so it cannot supply motor directly. [10] 
The Arduino Motor Shield is designed to drive loads such as solenoids, DC and 
stepping motors. It is able to drive two DC motors independently controlling their speed 
and direction. It is also capable of sensing current absorption of each motor and braking 
each motor. Current value can be read as analogue value measured by analogue input pin. 
[10] 
 
Picture 12 – Arduino Mega ADK and Motor Shield [10] 
5.3. Software 
Program used in the test tool has several functions to perform. Firstly it checks start 
button until it is pressed then motor stars and the testing begins. The whole time program 
reads signal from encoder, measuring revolutions of sample spindle. After exact number of 
revolutions (defined in advance) motor stops. Then starts to turn backward until encoder 
code wheel returns exactly to the starting position. This is one testing cycle repeated in 
loop. Meanwhile current absorbed by motor is sensed several times per every revolution. 
This current value together with number of the testing cycle is sent to computer via serial 
port. This information is stored in a text file using the Terminal software. 
 
Picture 13 – Text file 
If sample thread get seized and current reaches significantly higher values, program 
stops testing and sends information to the text file that current was too high (Picture 14). 
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This can also prevent damaging test tool if there was a malfunction and sample nut would 
collide to encoder module. 
  
 
Picture 14 – End of text file 
5.4. Test tool assembly 
After completing all three parts of development - mechanics, electronics and 
software - the tool was prepared for testing service life of samples. Whole assembly is 
shown in Picture 15 below. 
 
Picture 15 – Test tool assembly 
Motors and encoders are connected to the Arduino platform, which consists of 
Arduino Mega ADK board and Motor Shield. Platform is connected to computer via USB 
cable. Power is supplied from external power source. Button starts the testing. 
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6. Testing 
From each material combination one sample has been tested. Samples were handled 
using protective clean gloves to keep the thread clean and dry. Samples were carefully 
mounted without touching lubricated surfaces of the linear motion guide. Then the sample 
nut was set to the starting point. Starting point was the same for all measurements to keep 
the same conditions. Starting point is defined in Picture 16 - edge of nut holder is aligned 
with edge of the guide. 
 
Picture 16 – Sample alignment 
At each testing cycle the sample nut is moved forward to the distance of 8 
millimetres toward the spring. That is the point of return and then sample nut is moved 
back to the starting point. This movement, one testing cycle, repeats again and again. 
After first initial tests there was a finding that testing does not take so much time as 
expected at the beginning. This was a big advantage because of saving time and also all 
samples could be tested on one side of test tool, so conditions for each sample could be the 
same. 
Duration of one cycle is approximately 12 seconds. Some samples could have 
extraordinary results and testing would take too much time, maximum number of cycles 
was set to 1000 what is 3 and half an hour of testing. After 1000 cycles testing stops 
automatically but can be continued by pressing the starting button again. 
So all samples were tested according to stated methods on one side of the test tool 
and afterwards selected samples were observed using electron microscope. 
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7. Results 
There were two kinds of result – measurements and visual reviews. First let us take 
a look at the measurements. 
 During each test cycle the current absorption of motor has been measured. At the 
beginning of testing current value was low, then after thread started getting seized, this 
value elevated rapidly, as you can see at Figure 1. Once the current started to rise, the 
seizing was unavoidable. To compare different samples, the average current from each 
cycle was calculated and plotted to the following graph. Also number of cycles to seizing 
was counted and is shown at Figure 2. 
 
Figure 1 – Average current from each cycle 
The worst results achieved materials with Titanium oxidation treatment, which is 
currently used in microscopes. Sample 2T got seized after 4 cycles, 3T after 34 cycles. 
Sample 1T got seized even during setting position to the starting point so testing could not 
be done. Materials with Dicronite 
treatment, which is eventually used in 
microscopes got slightly better results, 
but still not sufficient. Best of Dicronite 
samples was 3D, which seized after 77 
cycles. Much better results achieved 
materials with Chemical nickel 
treatment. Sample 4N seized after 120 
cycles, but 1N, 2N and 3N withstood 
the whole testing – 1000 cycles without 
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any signs of damage. Measurement results of these three samples are shown at Figure 3. 
 
Figure 3 – Average current from each cycle – 1N, 2N, 3N samples 
Selected samples were observed in electron microscope to see the damage done 
during service life testing. Comparing images captured before testing with images of 
damaged samples could give more detailed information about results. One of materials with 
Titanium oxidation (3T) and one of materials with Dicronite treatment (1D) were chosen 
for visualization together with all four materials with Chemical nickel treatment. 
 
Picture 17 - Samples in electron microscope 
In Picture 18 and Picture 19 we can see significant damage of thread after seizing 
of samples 3T and 1D. 
 
Picture 18 – Sample 3T before and after testing 
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Picture 19 - Sample 1D before and after testing 
For illustration Chemical nickel treatment of sample 3N before testing is shown in 
Picture 20. Treatment looks similar for all nickel treatment samples. 
 
Picture 20 – Chemical nickel treatment before testing 
Picture 21 shows nickel treatment samples after testing. We can see peeling of 
treatment from base material of sample 4N. 4N base material is aluminium bronze while 
other samples (1N, 2N, 3N) are aluminium alloys. So it can be considered the aluminium 
bronze is not suitable for this treatment because other samples showed no signs of peeling. 
We can see that samples 1N, 2N and 3N have very low wear, damage of surface is 
not significant. All material withstood 1000 number of testing cycles. Testing could 
continue until failure, but having only one sample from each material combinations could 
cause that results would be inconclusive. As we can see every sample has little different 
profile of thread. In short, making the comparison of these three materials would require 
numerous tests. According to my test results I can declare that material combinations 1N, 
2N and 3N have much better performance than other tested materials and are all suitable 
for application of sample holder. 
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Picture 21 – Nickel treatment samples 
To choose only one material the advisory opinion of FEI technologist is again 
considered, and material combination 2N is finally selected because of its low price and 
availability. Just to remind it is AlMgSi1 alloy with Chemical nickel medium phosphorus 
surface treatment. 
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8. Conclusion 
The purpose of this thesis was to choose suitable material and its surface finishing 
for the bolt fastening with fine thread on the specimen holder in electron microscope. It is 
possible to say, that all goals were accomplished. 
Overview part provides detailed list of suitable materials and their treatments, which 
could be used for making the holder. Considering their mechanical properties and opinion 
of experienced technologist, ten material and treatment combinations for samples were 
chosen for service life testing. 
The test tool has been designed and manufactured, it was fully funtional and 
operating as expected. Detailed desctription is provided for reader to understand how it 
works. Testing was executed by this test tool with the results which were useful for 
comparing duty of the samples. 
By making the graphical comparisons of the measurement results and by observing 
the samples in the electron microscope it was possible to choose the most suitable material 
and surface treatment. The opinion of technologist was considered again and combination 
of AlMgSi1 alloy with Chemical nickel medium phosphorus surface treatment has been 
finally selected for real application. 
This material is going to be used for manufacturing the specimen holder in the 
future. Hopefully it should eliminate the issue of holder seizing and will work properly.  
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